A psychrotolerant, methylotrophic methanogen, strain YSF-03 T , was isolated from the saline meromictic Lake Shira in 
Permanently meromictic lakes are distinct hydrological environments identified by a steady physicochemical stratification that avoids deep water recirculation. Therefore, they commonly constitute an upper layer where mixing occurs (mixolimnion), a stagnant lower one (monimolimnion) and an interposing boundary layer (chemocline) [1] . Meromictic lakes are most common in coastal areas, especially in the Arctic and Antarctica. A very small number have been characterized in land-locked areas distant from the ocean [2] . Lake Shira is a meromictic saline lake in the northern part of the Republic of Khakassia, Siberia (Russian Federation) (Fig. S1 , available in the online version of this article), which is located in the landlocked steppes around the geographic centre of Asia,~2500 km from any coastline. Lake Shira is one of only three saline meromictic lakes identified in Siberian Russia [3, 4] . Lake Shira is 35.9 km 2 , has an average depth of 11.2 m and a maximum depth of 23.8 m [4] . The salinities in the oxic (mixolimnion) and anoxic (chemocline and monimolimnion) layers of Lake Shira are 14.00-18.79 and 18.78-18.86 g l
À1
, respectively. The major salt compositions are Na 2 SO 4 , MgSO 4 and NaCl. The pH range in Lake Shira is 8.17-8.64 and the temperature is around 0 C in the anoxic layer [2] . Based on 16S rRNA gene tag pyrosequencing, bacterial communities were highly variable and dissimilar between the oxic and anoxic layers. Proteobacteria, Bacteroidetes, Cyanobacteria, Actinobacteria and Firmicutes were the most abundant phyla in Lake Shira [2] . However, less is known about the methanogenic community in Lake Shira. To explore the methanogens in the cold saline meromictic Lake Shira, sediment samples at various depths (0-20 cm) were collected from Lake Shira (54 30.35¢ N, 90 11.32¢ E) in July 2010. One to two ml of the sediment samples were immediately inoculated into 20 ml MB/W enrichment medium with acetate (50 mM), formate (100 mM) or methanol (50 mM) as catabolic substrates in 60 ml serum bottles sealed with butyl rubber stoppers and aluminium caps. These samples were incubated at room temperature in the laboratory. [7] and trace element [8] solutions with sodium tungstate (Na 2 WO 4 , 0.3 mg l
) were each added to final concentrations of 1 % (v/v). The pH of the MB/W medium was 7.0. Minimal MM/W medium was MB/W medium without the addition of yeast extract and tryptone. Both media were prepared according to our previous studies [9] [10] [11] . All of the constituents, except NaHCO 3 , yeast extract, tryptone and vitamin solution, were dissolved in boiling water and then added after cooling. The medium was prepared and distributed into serum bottles (Kimble Chase) or Hungate tubes (Bellco Glass) under an oxygen-free N 2 /CO 2 (4 : 1) atmosphere. The anaerobic bottles and tubes were then sealed and autoclaved at 121 C for 20 min. Sodium sulfide from a sterilized anoxic stock solution was added to a final concentration of 1.0 mM for tests of optimum growth conditions or as otherwise mentioned in the text. To measure the effect of pH on growth, the pH of media was modified with the partial pressure of N 2 /CO 2 (4 : 1, v/v) or all N 2 in the gas phase, the concentration of NaHCO 3 in the medium or, to achieve higher pH (>8.0) values, by addition of NaOH.
The growth of methanogens and the methane production of the enrichment cultures were determined by gas chromatography with flame-ionization detection, as described previously [12] [13] [14] . Enrichment cultures that contained high methane production were sub-transferred to fresh MB/W or MM/W medium for further enrichment and vancomycin (100 µg ml
) was added to reduce the growth of bacteria. In this study, the pure isolate was obtained by serial dilution in MM/W medium from the enrichment culture of the sediment sample from 15 to 20 cm depth with methanol as substrate. The conclusion that the culture was axenic was based on the presence of a single morphotype upon microscopic examination and the absence of growth in thioglycollate medium. In addition, the purity of the isolate was also evaluated by the failure to recover bacterial 16S rRNA gene amplification by PCR with a universal bacterial primer pair 8F/1492RU [15, 16] . This strain was designed as YSF-03 T and deposited in the Bioresource Collection and Research Centre, Taiwan as strain BCRC AR10049
T , in the LeibnizInstitute DSMZ, Germany as strain DSM 104044
T and the Biological Resource Centre, NITE, Japan as strain NBRC 112514 T .
The cell morphology of strain YSF-03 T was examined by phase-contrast microscope (Olympus BH-2), transmission electron microscope (JEM-1400, JEOL) with negative stain preparation [17] and scanning electron microscope (JSM-7401F, JEOL) with gold sputter-coated cells [18] . Cells of strain YSF-03
T were irregular cocci with diameters of 0.8 to 1.2 µm and occurred in pairs, tetracocci or aggregates under exponential phase of growth (Figs 1a-c and S2b, c) . Strain YSF-03
T presented as a single-cell type surrounded by cannula-like structures under stationary phase of growth (Figs 1d and S2a) . The cells stained Gram-negative (Fig.  S2e) . Strain YSF-03 T cells were not motile and flagella were not observed. Strain YSF-03 T lysed in 0.01 % (w/v) sodium dodecyl sulfate, which indicated that the cell envelope consisted of surface-layer proteins and lacked peptidoglycans such as pseudomurein (Fig. S2d) .
The catabolic substrate tests were performed in 27 ml Hungate tubes with 5 ml of MM/W medium containing 0.085 M NaCl at 37 C. The substrates used in this study were: sodium acetate (50 mM), glycine betaine (10 mM), dimethylamine (20 mM), dimethylsulfide (5 mM), sodium formate (100 mM), methanol (50 mM), methylamine (20 mM), trimethylamine (50 mM) and CO 2 /H 2 , in which H 2 was added to a partial pressure of~46 kPa. Utilization of the substrates was determined by monitoring methane production. The sensitivity of strain YSF-03
T to ampicillin, chloramphenicol, kanamycin, penicillin, spectinomycin, tetracycline and vancomycin (each at a concentration of 100 µg ml À1 ) was tested in MM/W medium with 0.085 M NaCl and methanol (50 mM) at 37 C. Cell growth was determined from methane production. Specific growth rates were calculated from the rate of methane production, which was analysed by linear regression of the logarithm of the total amount of methane that accumulated over time [13] .
Strain YSF-03
T utilized methanol or trimethylamine as substrates for methanogenesis, but not sodium acetate, sodium formate, CO 2 /H 2 , glycine betaine, dimethylamine, dimethylsulfide or methylamine. Growth of strain YSF-03 T was inhibited by chloramphenicol and tetracycline, but was resistant to ampicillin, penicillin, kanamycin, spectinomycin and vancomycin. Cells of strain YSF-03 T were able to grow at a temperature range of 0-37 C and showed an exponential phase specific growth rate of~0.0033 h
À1
(doubling time~210 h) at 0 C ( Figs 2c and S3c). The optimum growth conditions were 30-37 C, pH 7.0-7.4 and 0.17 M NaCl. Under optimal growth conditions, the specific growth rate for the exponential phase in MM/W with methanol (50 mM) was 0.1169 h À1 (doubling time 5.93 h). Therefore, strain YSF-03 T is a psychrotolerant, neutrophilic and methylotrophic methanoarchaeon.
Genomic DNA from strain YSF-03 T was purified according to the general procedure of Jarrell et al. [19] . The method for PCR amplification, cloning and sequencing of the 16S rRNA gene of strain YSF-03 T followed the method described previously [12] . The 16S rRNA gene and genomic sequences of archaea used in this study were obtained from the GenBank database and the NCBI Reference Sequence Database. Phylogenetic trees were reconstructed by using the MEGA6 program Fig. 2 . Comparisons the growth ranges (black bar) and the optimal growth ranges (white point) of (a) temperatures, (b) NaCl concentrations and (c) pH among the genus Methanolobus.
